Patterns of gene flow can have marked effects on the evolution of populations. To better understand the migration dynamics of Mycobacterium tuberculosis, we studied genetic data from European M. tuberculosis lineages currently circulating in Aboriginal and French Canadian communities. A single M. tuberculosis lineage, characterized by the DS6 Quebec genomic deletion, is at highest frequency among Aboriginal populations in Ontario, Saskatchewan, and Alberta; this bacterial lineage is also dominant among tuberculosis (TB) cases in French Canadians resident in Quebec. Substantial contact between these human populations is limited to a specific historical era (1710-1870), during which individuals from these populations met to barter furs. Statistical analyses of extant M. tuberculosis minisatellite data are consistent with Quebec as a source population for M. tuberculosis gene flow into Aboriginal populations during the fur trade era. Historical and genetic analyses suggest that tiny M. tuberculosis populations persisted for ∼100 y among indigenous populations and subsequently expanded in the late 19th century after environmental changes favoring the pathogen. Our study suggests that spread of TB can occur by two asynchronous processes: (i) dispersal of M. tuberculosis by minimal numbers of human migrants, during which small pathogen populations are sustained by ongoing migration and slow disease dynamics, and (ii) expansion of the M. tuberculosis population facilitated by shifts in host ecology. If generalizable, these migration dynamics can help explain the low DNA sequence diversity observed among isolates of M. tuberculosis and the difficulties in global elimination of tuberculosis, as small, widely dispersed pathogen populations are difficult both to detect and to eradicate.
genetic drift | demography | Mycobacterium tuberculosis genetics | Native Americans | Approximate Bayesian Computation M igration of human pathogens between host populations is of clear biomedical interest, because global spread of infectious diseases is predicated on pathogen dispersal. For obligate human pathogens, the paths of migration are shaped by social networks among hosts and, at a broader scale, by human migrations and patterns of comingling. The shape and magnitude of these processes may be inferred from genetic data from both extant populations of humans (1, 2) and microorganisms carried by humans (3) . Statistical genetic inferences about pathogen migration have been buttressed by a variety of independent data types, such as linguistic (3) , epidemiological (4) , and ecological (5) .
Human tuberculosis (TB) is caused by Mycobacterium tuberculosis. By current estimates, M. tuberculosis infects one third of the world's population; a minority of these infections progress to disease and account for 9-10 million new, transmissible cases per year (6) . Genetic data from M. tuberculosis are characterized by low DNA sequence diversity (7) and significant population subdivision, both at continental (8, 9) and fine geographic scales (10) . TB is characterized by variable transmissibility, depending on environmental conditions, and irregular disease dynamics (11, 12) . Variation in temporal dynamics of disease is introduced by the phenomenon of clinical latency, whereby a host may be infected with M. tuberculosis for decades before reactivating the infection, becoming ill, and thus able to transmit the infection to others. These features and other aspects of disease ecology would be expected to affect migration of M. tuberculosis among host populations. Broad outlines of M. tuberculosis migratory history have been described based on the geographic range of specific bacterial clades and lineages (9) . However, very little is known about M. tuberculosis migratory patterns and rates, population dynamics during migration, or effects of migratory history on M. tuberculosis population genetic diversity.
In this paper, we present evidence suggesting that M. tuberculosis dispersed into Canadian Aboriginal populations as a result of contact with European fur traders in the 18th century. Although contact between the populations involved small numbers of individuals, it was extensive enough to result in the development of the Métis society of both European and Aboriginal ancestry. (Additional historical details are given in SI Background Material.) Large-scale TB epidemics were not evident among Western Canadian Aboriginal populations until the late 19th and 20th centuries (10, (13) (14) (15) , suggesting that epidemics may be uncoupled from the process of M. tuberculosis dispersal.
Our analyses of historical, epidemiological, and M. tuberculosis genetic data suggest that (i) M. tuberculosis may be spread by small numbers of human migrants; (ii) M. tuberculosis populations can persist at low levels over historical time scales; (iii) these small bacterial populations may be sustained by ongoing migration and possibly by slow disease dynamics; and (iv) shifts in host ecology favoring the pathogen may be accompanied by bacterial population expansions, with marked effects on genetics of M. tuberculosis populations.
Results
Results of M. tuberculosis population screening for lineagedefining polymorphisms (16, 17) are shown in Fig. 1 and Table S1 . DS6 Quebec is the most frequent lineage among bacteria from all four populations: the French Canadian population of Quebec (QU), and Aboriginal populations in Ontario (ON), Saskatchewan (SK), and Alberta (AB). Within Saskatchewan, DS6
Quebec was found in all of eight intraprovincial regions (fine-scale geographic data are available only for this population; see ref. 10 for definitions of within-Saskatchewan regions). Frequencies of other M. tuberculosis lineages were more variable among populations. A minimum spanning tree, based on 12 minisatellite loci from bacteria with the DS6 Quebec polymorphism, reveals a distinctly star-like network structure (Fig. 2) , with little evidence of population differentiation.
Networks based on minisatellite data within other common lineages (Rd 182, Rd 219, and H37Rv-like) were not star-like (Fig. S1 ). Lineage-specific patterns also were evident in analyses of pop- Quebec lineage was introduced into these populations in the relatively remote past, resulting in a similarly high frequency across populations; (ii) M. tuberculosis belonging to the DS6 Quebec lineage were, or are, exchanged freely among study populations; (iii) the DS6 Quebec lineage underwent rapid population expansion, reflected in a star-like network topology, possibly coincident with its introduction into new host populations; and (iv) there has been temporal and/or spatial variation in patterns of bacterial migration among human populations, reflected in variable differentiation within bacterial lineages.
Although the Quebec population is now geographically and socially isolated from Aboriginal populations in Ontario, Saskatchewan, and Alberta, there is a history of comingling in the context of the Canadian fur trade (Fig. 1) . Table 2 outlines the expected history of the DS6 Quebec lineage, assuming it was introduced to Canada by a French immigrant to Quebec and dispersed to Aboriginal populations via fur trade transportation and social networks. Estimates derived from M. tuberculosis minisatellite data of the time to most recent common ancestor (TMRCA) (18) and divergence time between bacterial populations (T D ) (19) suggest that genetic exchange between QU and Western Aboriginal M. tuberculosis populations occurred over ∼100 y; timing of this exchange is consistent with historical human migrations connected with the trade in furs. (Additional estimates are given in SI Results.)
Levels of overall genetic diversity of M. tuberculosis restriction fragment length polymorphism (RFLP) (20) haplotypes from four populations are shown in rarefaction curves in Fig. 3A . Published data were available from Manitoba (MB) and are included along with data from QU, SK, and AB; data from ON are not included because of the small sample size (SI Results). The number of distinct haplotypes is highest in QU, consistent with its being a source population for pathogen migration. Levels of diversity are lowest in SK and MB, with intermediate diversity in AB. Diversity thus does not decrease in an east-to-west pattern, as we might expect with a serial founder effect (1) originating in Quebec.
Epidemics of TB among Canadian indigenous populations occuring post-European contact have been associated with dramatic social, economic, and environmental changes that characterized the industrial era (late 19th century and beyond; SI Background Material). There is evidence of regional differences in the pace of these changes: Published analyses of archival fur trade documents indicate that some indigenous populations remained remote from the cash-based industrial economy as late as the 1920s (21) . Regions within Saskatchewan and Manitoba fall into this historically remote/traditional category, whereas Alberta does not contain any such regions (Fig. 1A) . Later development of transportation networks (starting with the widespread use of bush planes in the 1930s) allowed commercial development of previously remote regions (21) .
Given associations between industrialization, attendant shifts in host ecology, and TB epidemic expansion among indigenous populations (SI Background Material), we hypothesized that M. tuberculosis diversity in Saskatchewan and Manitoba was low relative to Alberta because of the more recent expansion of the The first is the earliest bound for divergence, where a variance of 0 is assumed for minisatellite repeat number in the ancestral population. For the second estimate, we assume that variance in the ancestral population is equal to the variance of haplotypes found presently in the QU population and shared with the founded population (SK or AB). The third point estimate is based on an assumption that variance in the ancestral population was equal to the variance found presently in haplotypes in the founded population (SK or AB) that are also found in QU. M. tuberculosis population in remote/traditional areas. To test this hypothesis, minisatellite and RFLP haplotypes from SK were divided into historically "remote" (RS) and "nonremote" (NRS) regions according to the classification of trading districts outlined in ref. 21 . Consistent with this classification, diversity in NRS regions is similar to that in AB (Alberta contains no remote regions), with the lowest diversity observed in RS ( Fig. 3B and Fig.  S2 ). Permutation procedures identified RS and QU as having lower and greater diversity, respectively, than would be expected under a random distribution of minisatellite haplotypes among populations (Fig. S3) .
We analyzed DS6 Quebec minisatellite data with rejection sampling, an Approximate Bayesian Computation (ABC) method, to assess whether a demographic model allowing an expansion in RS (in which the historical bacterial effective population size, N e , was smaller than the current N e ) is more likely than a null model of constant size. We estimated the parameter ω, the ratio of historical N e to contemporary N e (Materials and Methods and SI Materials and Methods). Results using this method indicate that the posterior probability of the expansion model (versus the null constant-size model) is 1; based on simulations under the null model, the P value of this posterior probability is 0. We estimate ω to be 0.08 (95% credibility interval 0.01-0.29; Fig. S4A ). Translating these results to absolute numbers (current N e = 30) generates an estimate of effective number of TB cases in RS before 1930 (the time fixed for the expansion, based on the social history described above) equal to 2.35 individuals (95% credibility interval 0. 35-8.80 ). SI Results gives parameter estimations under alternative mutation rate assumptions, all of which reject the constant-size model in favor of the expansion model.
Based on the size and dynamics of the population involved in the French (Montreal-based) trade in the West before 1870 and the prevalence of TB in European cities in the 18th century, we estimated the absolute number of M. tuberculosis infections transmitted to Western indigenous populations (SI Results and Table S2 ). The historical estimate of N e m, the product of population size (N e ) and fraction of the indigenous M. tuberculosis population replaced by immigrants (m) per generation, is 0. 16 . In an island model, N e m <1 results in substantial population differentiation caused by genetic drift (22) . Estimates of N e m derived from bacterial minisatellite data were higher than this historical estimate: For pooled lineages, N e m derived from F ST (AMOVA) is 6.16, and the private alleles method of Barton and Slatkin (23) generated an estimate of 3.62 (empirical 95% confidence interval 2.47-4.72).
Discussion
The recent history of human migration to Western Canada informs the analyses of M. tuberculosis genetic data presented here.
Most importantly, substantial contact between French Canadian and Western indigenous populations is limited to a specific historical period, the fur trade era. The early bound on this period of contact is provided by the dates of incursion of fur traders into the Western interior [∼1710 (24)], and the later bound is provided by historical and demographic analyses indicating that westward migration of French Canadians ceased in the latter half of the 19th century for economic and other reasons (25) .
Based on the observed pattern of M. tuberculosis lineage frequencies in this historical context, as well as bacterial population genetic diversities consistent with Quebec as a source population, genetic timing estimates, and patterns of genetic differentiation between populations, we infer that the DS6 Quebec lineage was dispersed to indigenous populations by French Canadian fur traders about a century before epidemic forms of TB were manifest in Western Aboriginal communities.
Several features of the human migration associated with trade in furs are noteworthy. First, the absolute number of human migrants was small: By our estimate, 5,419 individuals migrated from east to west during 160 y of trade between Montreal and Western Canadian indigenous populations (SI Results). These early migrations are dwarfed by population movements of the late 19th and early 20th centuries. Facilitated by massive interprovincial and international migration to the Canadian prairies-from which French Canadians were largely absent-the census of Western Canada grew from 110,000 in 1871 to 750,000 in 1911 (26) . Between 1900 and 1917, a total of 1,671,414 foreign-born individuals migrated to Western Canada from the United Kingdom, the Ukraine, Russia, Germany, Austria, Hungary, Norway, Denmark, China, and elsewhere (27) . Despite the enormous number of migrants from regions of high TB incidence, who would be expected to introduce a broad range of Euro-American and East Asian M. tuberculosis lineages (8), bacterial populations in Western indigenous communities are dominated by the DS6 Quebec lineage, present at a frequency similar to that in the French Canadian population of Quebec (Fig. 1A) .
The apparent lack of M. tuberculosis gene flow from 19th century homesteaders to indigenous populations may be explained by social distance between populations. International migrants to the prairies, particularly those facing language and cultural barriers to assimilation, were socially and geographically isolated (27) . By the late 19th century, prairie indigenous populations also were socially segregated, at times forcibly (15, 27) , from the non-Aboriginal population. This isolation is in contrast to the earlier fur trade era, which was characterized by intermarriage and trading collaborations between European immigrants and First Nations groups (ref. 28 and SI Background Material). Although contact between populations involved small numbers of individuals, we speculate that close social ties between the sending and receiving host populations permitted A B Fig. 3 . (Fig. 1) , detailed geographic data were not available for the MB sample; diversity shown here is for the entire sample.
migration of M. tuberculosis through the fur trade. Given that transmission of M. tuberculosis requires sustained, close contact [exemplified by efficient transmission in high-density shared living environments such as prisons (11)], this observation is likely to be generalizable, with structure of global M. tuberculosis populations strongly influenced by the social architecture of host populations.
Although by no means a disease-free interval for Native peoples (there were devastating epidemics of smallpox and other infectious diseases), epidemics of TB were not a feature of the fur trade era (1710-1870). TB epidemics among Western Canadian indigenous populations occurred later, starting in the late 1800s (10, (13) (14) (15) . Expansion of rail and steamship networks into Western Canada in the late 19th century permitted agricultural development, industrialscale extraction of natural resources, development of government institutions, and mass immigration. TB epidemics were among a chain of sequelae for Aboriginal populations that included displacement, loss of traditional food sources, crowding, and institutionalization (ref. 29 and SI Background Material).
Indigenous populations in some regions (e.g., Northern Saskatchewan and Manitoba; the shaded areas of Fig. 1A) remained remote from the evolving industrial economy into the 1920s (21) . We find that the genetic diversity of M. tuberculosis in lowest in RS and is highest in QU (Fig. 3) ; we did not have detailed geographic data that would allow us to classify M. tuberculosis strains from Manitoba according to the scheme we used in Saskatchewan (i.e., NRS vs. RS). We note that molecular epidemiological studies of other historically remote/traditional regions are consistent with low genetic diversity of the M. tuberculosis population (30, 31) .
Differences in genetic diversity may result from two distinct phenomena. First, the process of M. tuberculosis migration is likely to involve serial founder events, so that diversity is highest in the source population (QU) and lower in the subsequently founded populations (ON, RS, NRS, AB, and MB). Another explanation is that QU, the oldest M. tuberculosis population (founded by 17th and 18th century migrants from France; Table 2 ), may be closer to an equilibrium distribution of haplotype frequencies; the youngest populations still may show evidence of a "founder flush" (32) . As an historically remote/traditional population, RS was probably shielded from at least some of the ecological antecedents of epidemic TB until the regional incursion of air travel networks in the 1930s (21) and thus had the most recent expansion in its pathogen population. Demographic modeling with ABC demonstrated a very high probability of expansion in the RS M. tuberculosis population since 1930; the magnitude of the bacterial expansion was ∼13-fold.
Although our historical estimates of M. tuberculosis migration rates were low (direct N e m = 0.16), the lack of genetic differentiation among populations (DS6 Quebec F ST = 0.04) and estimates of N e m from the genetic data (indirect N e m = 3.62) would suggest a high rate of M. tuberculosis migration. Slatkin (33, 34) has observed that indirect (genetic) estimates of gene flow may be higher than direct measurements of population dispersal, especially in populations characterized by colonization-extinction-recolonization dynamics, which can limit population differentiation even when rates of migration are low. Taken together, our results suggest that absolute numbers of M. tuberculosis migration events were low (N e m <1, an order-of-magnitude estimate based on historical data), and patterns of genetic differentiation have been affected by unstable dynamics of small, preindustrial M. tuberculosis populations.
We have delineated two asynchronous processes involved in the spread of TB from European immigrants to native Canadians (Fig.  1B) . The first is dispersal of the etiologic agent, M. tuberculosis, populations of which were sustained at very low levels (N e ≅ 2) for ∼100 y by small numbers of human migrants who had intimate, sustained contact with susceptible hosts. In addition to sustained migration, variable transmission dynamics of TB may have cushioned small bacterial populations against extinction (35) . The second process is expansion of the bacterial population, following a shift in host ecology favoring the pathogen. We find evidence of bacterial population expansions in the DS6 Quebec M. tuberculosis haplotype network (Fig. 2) , patterns of genetic diversity (Fig. 3) , and coalescent-based demographic analysis of bacterial minisatellite data.
This work is a study of a specific historical phenomenon, and it is unknown whether the observed patterns of M. tuberculosis migration are applicable to other settings. Asynchronicity of pathogen migration and epidemiological phenomena is likely to render control of TB more difficult and could help explain global persistence of the pathogen despite extensive efforts at eradication. Because M. tuberculosis is an obligate human pathogen that requires specific environmental conditions and sustained contact for transmission, barriers to geographic spread of M. tuberculosis are largely social and therefore somewhat fluid. Perseverance of tiny bacterial populations would permit gradual accrual of a large geographic range despite significant population subdivision. As a result, by the time the spread of TB is obvious, M. tuberculosis populations already may be well established.
Materials and Methods
Population Descriptions. Clinical isolates of M. tuberculosis in this study are from five Canadian populations: the French Canadian population of Quebec (QU), and Aboriginal populations in Ontario (ON), Manitoba (MB), Saskatchewan (SK), and Alberta (AB). The QU sample (n = 297) is described in ref. 16 . The ON sample (n = 45) derives from TB cases that occurred between 1997-2009 in First Nations communities in a single region of the province (total population ∼25,000). MB data (n = 163) are from a published study (36) : The total number of TB cases, number of different bacterial RFLP haplotypes, number of singletons, and the configuration distribution of the five most common M. tuberculosis haplotypes from First Nations reserve communities in Manitoba (1992-1999) are reported. We made the conservative assumption that the remaining (unreported) haplotypes were doubletons. The SK sample (n = 444) is described in ref. 10 . AB samples (n = 283) are from TB cases among First Nations individuals in the province, excluding urban areas, from 1990-2008.
Genotyping Methods. Isolates of M. tuberculosis were genotyped by RFLP, based on the number and location of IS6110 elements (20) . The number of tandem repeats at 12 minisatellite loci also was determined for each isolate using a standard methodology (37) . M. tuberculosis lineage typing, based on genomic deletions (16, 17) , was done with real-time PCR (details are given in SI Materials and Methods and Dataset S1).
Mutation Rate Estimate. We estimated a mutation rate (μ) per transmission generation (10) for minisatellite loci based on simulations using empirical estimates of intrahost M. tuberculosis population dynamics and in vitro estimates of mutations per cell doubling for bacterial minisatellite loci. Given a known per annum RFLP mutation rate (38), we made additional estimates by examining the number of RFLP types per minisatellite haplotype and comparing estimates of θ (θ = 2 N e μ, product of effective population size, N e , and mutation rate, μ) from RFLP and minisatellite data. All estimates were of a similar order of magnitude and were consistent with published estimates (39); we used 0.001 mutations per locus (SI Materials and Methods, Table S3 ).
Statistical Calculations. Genetic differentiation. AMOVA, implemented in Arlequin version 3.5 (40) , was used to calculate F ST values from M. tuberculosis minisatellite haplotype data. Network analysis. BioNumerics 5.0 (Applied Maths) was used to generate minimum spanning trees of M. tuberculosis minisatellite haplotypes. This program implements the Prim-Jarnik algorithm; the BURST priority rule maximizing single-and double-locus variants, was used during network searches. Genetic timing estimates. We estimated TMRCA of the DS6 Quebec lineage in each population using minisatellite genotypes and the method of Ytime (18) . We selected as the root the haplotype at the center of the DS6 Quebec network (Fig. 2) , present at high frequency in QU, SK, and AB populations. We obtained bootstrap confidence intervals with Ytime assuming a star-like genealogy and neutrality (SI Materials and Methods). Divergence times for DS6
Quebec isolates between pairs of populations were estimated from minisatellite genotypes by the T D estimator, which is robust to population size changes and weak gene flow (SI Materials and Methods) (19) . This procedure requires an estimate of the average variance in repeat number in the ancestral population at the time of divergence (V 0 ); we estimated T D using three different values of V 0 for each pair of populations (Results and SI Materials and Methods). Alternative mutation rate and demographic assumptions have little effect on our main conclusions (SI Results). Population genetic diversity. We assessed diversity of minisatellite and RFLP haplotypes in each population, for all lineages, by calculating the number of distinct haplotypes using rarefaction (41) , calculating haplotype diversity with resampling to the lowest sample size to correct for unequal sample sizes (42) , and implementing a permutation procedure to assess whether observed diversities of minisatellite haplotypes could be explained by a random partitioning of isolates from all populations (details are given in SI Materials and Methods). Migration. Under a simple island model, assuming an equilibrium population where each "island" (QU, SK, and AB) has equal size N e , we applied Slatkin's private alleles method with minisatellite haplotype data from all lineages to estimate N e m, where m is the probability that an individual is a migrant in each generation (33, 43) . N e m estimates were converted to F ST values, and vice versa, using the standard expectation for a haploid population F ST = 1/ (1+2Nm) (43) (SI Materials and Methods).
Demographic Modeling. Motivated by the results of the diversity calculations, we used minisatellite genotypes and rejection sampling, an ABC procedure, to estimate the factor (ω) by which the size of the DS6 Quebec lineage in Remote Saskatchewan (RS) before its likely expansion is related to its current size.
Assuming a constant population size after the expansion, we estimated the current effective population size of RS as 544 (multiplying the harmonic mean of fluctuating DS6
Quebec TB case counts in RS from 1986-2004 by 18, the number of years over which exhaustive samples were obtained). This epidemiological estimate of N e was interpreted in the standard population genetic manner (discussed further in SI Materials and Methods). One million coalescent simulations of minisatellite haplotypes under a population-expansion model were performed using SIMCOAL 2.0 (44, 45) . The time of expansion was fixed at 54 generations, with ω drawn from a prior Uniform distribution on [0.01, 1]. The simulated data were summarized with four statistics (number of distinct and singleton haplotypes, haplotype diversity, and mean variance in locus repeat sizes), which produced reliable estimates in our method validation (SI Materials and Methods) and have been used in previous studies (2, (46) (47) (48) . Values of ω resulting in simulations with summary statistics within a threshold Euclidean distance from those observed in RS were retained to produce a posterior distribution. We also estimated the posterior probabilities of the population expansion and null constant-size models by the acceptance probabilities of each model.
We tested the method's performance using simulated data with known expansion sizes. The method is most powerful for pronounced expansions (ω ∼ 0.1); with high accuracy, it both can estimate ω and can distinguish between the population-expansion and constant-size models (SI Materials and Methods and Fig. S5 ).
